In eukaryotic cells, most RNA molecules are exported into the cytoplasm after being 10 transcribed in the nucleus. Long noncoding RNAs (lncRNAs) have been found to reside and 11 function primarily inside the nucleus, but nuclear localization of protein-coding messenger 12 RNAs (mRNAs) has been considered rare in both animals and plants. Here we show that two 13 mRNAs, transcribed from the CDC20 and CCS52B (plant orthologue of CDH1) genes, are 14 specifically sequestered inside the nucleus during the cell cycle. CDC20 and CDH1 both 15 function as coactivators of the anaphase-promoting complex or cyclosome (APC/C) E3 ligase 16 to trigger cyclin B (C YCB) destruction. In the Arabidopsis thaliana shoot apical meristem 17 (SAM), we find CDC20 and CCS52B are co-expressed with CYCBs in mitotic cells. CYCB 18 transcripts can be exported and translated, whereas CDC20 and CCS52B mRNAs are strictly 19 confined to the nucleus at prophase and the cognate proteins are not translated until the 20 redistribution of the mRNAs to the cytoplasm after nuclear envelope breakdown (NEBD) at 21 prometaphase. The 5' untranslated region (UTR) is necessary and sufficient for CDC20 mRNA 22 nuclear localization as well as protein translation. Mitotic enrichment of CDC20 and CCS52B 23 transcripts enables the timely and rapid activation of APC/C, while their nuclear sequestration 24 at prophase appears to protect cyclins from precocious degradation. 25 26 59 regulation of spatial gene expression (Lipshitz and Smibert, 2000). For instance, the posterior-60 anterior polar localization of bicoid, oskar, gurken, and nanos mRNAs in Drosophila oocytes 61 guides proper pattern formation and embryo development (Martin and Ephrussi, 2009). Long 62 noncoding RNAs (lncRNAs) predominantly localize to the nucleus to modulate transcription 63 3 factor binding, histone modification, chromosome structures and specific nuclear body 64 formation (Batista and Chang, 2013; Engreitz et al, 2016; Geisler and Coller, 2013; Tsai et al., 65 2010). While mature mRNAs are considered to reside predominantly in the cytoplasm, deep 66 sequencing of nuclear and cytoplasmic RNA fractions from various mouse tissues identified a 67 number of mRNAs with higher amounts in the nucleus than in the cytoplasm (Bahar Halpern 68 et al., 2015), suggesting a potential for mRNA nuclear retention in gene expression regulation.
Introduction 27
Understanding the patterns and regulatory mechanisms of organ formation in multicellular 28 organisms is a central aspect of developmental biology (Lander, 2011) . Animal organogenesis 29 is completed during embryonic development or, in some instances, during metamorphosis; Mitosis-specific Expression of CDC20 and CCS52B mRNA 147 The accumulation of CYCB transcripts at M-phase ( Figures S2A and S2B ) would be expected 148 to lead to a corresponding peak of CYCB proteins at this stage. Indeed, CYCB1;1-GFP 149 fluorescence signals increased from prophase onwards, peaked at metaphase and then 150 decreasing rapidly at anaphase, finally being undetectable in telophase cells ( Figures S2C-S2E ). 151 The decline of CYCB1;1-GFP fluorescence signals could be caused by insufficient protein 152 synthesis and/or short half-life. The rapid elimination of large amount of CYCB1 proteins may 153 attribute to APC/C-mediated degradation (Figure 2A ), a mechanism conserved among various 154 organisms. The genes encoding Arabidopsis APC/C subunits, as well as the CDH1 orthologues 155 CCS52A1 and CCS52A2, were all expressed homogeneously in the SAM at relatively low level 156 (Table S1 and Data S1). By contrast, both CDC20 and CCS52B showed strong patchy patterns 157 similar to CYCB genes (Data S1). The distinct expression patterns of A-and B-class CCS52 Figures 2B-2E ). The amount of CDC20 mRNA decreased when mitosis was completed 164 ( Figure 2D) , whereas a high level of CCS52B mRNA persisted until cytokinesis (Figure 2E ). 165 The extended expression of CCS52B relative to CDC20 was validated by double RNA FISH.
166
CDC20 and CCS52B mRNAs co-expressed in early mitotic cells, but at late mitosis a 167 population of cells were found only to express CCS52B ( Figure S3 ). Taken together, the 168 enrichment of CDC20 and CCS52B transcripts, along with the constitutive expression of all 169 APC/C components, would presumably allow for rapid APC/C activation. and CCS52B mRNAs in prophase cells, we found that each of them is localized inside the 176 DAPI-labelled nuclei ( Figure 2F ). No hybridization signals could be detected in the cytoplasm 177 even when we increased the detection settings to saturation (data not shown). To further 178 validate the nuclear sequestration of CDC20 and CCS52B transcripts, we examined CDC20 179 and CCS52B mRNA localization in mitotic cells together with a marker for the nuclear 180 envelope. CDC20 and CCS52B mRNAs were detected by RNA FISH. The nuclear envelope 181 was revealed by immunohistochemistry using an anti-GFP antibody in SAM sections of reforms, CDC20 and CCS52B mRNAs were excluded from the nuclei of daughter cells, 188 suggesting that once in the cytoplasm, CDC20 and CCS52B mRNAs are not imported back or 189 recruited into the nucleus. These cytosol-localized CDC20 and CCS52B mRNAs seem to be 190 unstable as they could only be detected in a small group of newly divided cells. Nuclear Nucleo-cytoplasmic Compartmentalization of CDC20 and CYCB mRNAs 196 Since both CYCBs and CDC20 transcripts could be detected at prophase, we hypothesized that 197 they might be expressed simultaneously in the same cells, although the possibility of sequential 198 expression could not be excluded. To clarify this, we investigated CYCBs and CDC20 199 expression in the same meristems by double RNA FISH. Arabidopsis wild-type meristems 200 were hybridised with both CYCBs and CDC20 gene-specific RNA probes and the number of 201 cells expressing different genes was quantified. CDC20 was found to largely co-express with Double RNA FISH using GFP probe and CDC20 and CCS52B gene-specific probes showed 219 overlapping signals at different mitotic stages, suggesting that fusion of GFP coding sequence 220 did not interfere with nuclear localization of CDC20 or CCS52B mRNAs ( Figure S6 ).
8
The meristems of pCDC20::GFP-gCDC20 and pCCS52B::GFP-gCCS52B transgenic 222 plants were examined using confocal microscopy. GFP-CDC20 was only expressed in a small 223 fraction of meristematic cells ( Figure 4A ). GFP-CCS52B protein expression could be identified 224 in a greater proportion of SAM cells, which predominantly localized in the nucleus but also in 225 the cytoplasm ( Figure 4C ). For both proteins, the expression levels varied between different and 4F). Compared to GFP-CDC20, the expression of GFP-CCS52B was much delayed, as it 232 was not detected until cells enter late telophase. GFP-CCS52B protein expression exhibited its 233 peak level at cytokinesis, and persisted until the next G1 stage ( Figures 4G and 4H ).
234
The protein expression pattern of CDC20 beginning at prometaphase was consistent with its 235 transcript accumulation prior to NEBD, followed by mRNA redistribution into the cytoplasm 236 after NEBD. However, given the late appearance of CCS52B protein despite much earlier 237 release of its RNA from the nucleus, it appears that there are additional mechanisms beyond 238 nuclear sequestration that controls CCS52B translation, one of which could be regulation by 239 CCS52B mRNA binding proteins as RNA-binding proteins also play crucial roles in controlling 240 translation efficiency besides guiding RNA localization (Lipshitz and Smibert, 2000).
241
Nevertheless, the peak accumulation of CCS52B protein at cytokinesis and subsequent stages 242 was in line with the predicted roles of Cdh1 to degrade CDC20 and maintain a low cyclin 243 abundance through late mitosis and G1 phases (Fang et al., 1998). After analysing a number of 244 meristems from different transgenic lines, we were unable to detect any GFP-CDC20 or GFP-245 CCS52B protein expression in prophase cells, demonstrating that mRNA nuclear sequestration 246 correlated with an absence of protein translation. Figure 2D ), we used CYCB1;2 mRNA expression as an indicator of prophase 283 cells. CYCB1;2 showed similar expression in these transgenic plants compared to wild-type 284 plants ( Figure 5B ), suggesting that expression of these exogenous RNAs did not interfere with 285 10 normal cell cycle progression. Examination of the subcellular distribution revealed that all 286 these GFP-CDC20 truncated RNAs were all localized inside the nucleus, surrounded by the 287 cytoplasmic CYCB1;2 mRNA ( Figures 5B and S8B ), indicating that deletion of a single 288 fragment of CDC20 coding region was not sufficient to disrupt RNA nuclear localization. 289 We next investigated the role of UTRs in CDC20 mRNA nuclear sequestration. Chimeric 290 mRNAs transcribed from GFP in-frame fused with CDC20 genomic fragment without the 291 5'UTR or 3'UTR (pCDC20::GFP-CDC20 Δ5'UTR and pCDC20::GFP-CDC20 Δ3'UTR ) were 292 analysed by RNA FISH. CDC20 3'UTR-truncated mRNAs showed the same nuclear To further evaluate the function of the CDC20 5'UTR, we fused it to a GFP coding sequence 301 ( Figure 6A ). This chimeric mRNA, 5'UTR CDC20 -GFP, as well as GFP alone, were expressed 302 in wild-type plants under the control of the CDC20 promoter. The number of prophase cells 303 expressing these GFP mRNAs seem to be reduced compared to GFP fused with full length 304 CDC20 mRNA ( Figure 6C ), implying that the CDC20 coding region contains cis-element 305 contributing to transcriptional activity. Nevertheless, when expressed, 5'UTR CDC20 -GFP 306 mRNA was found to be exclusively confined to the nucleus. The control, GFP mRNA alone, 307 was distributed in the cytoplasm similar to CYCB1;2 mRNA ( Figures 6B and S8C ) . The results, 308 taken together, demonstrate that the 5'UTR was both necessary and sufficient to sequester 309 CDC20 mRNA inside the nucleus. Figures 6D and 6E ). However, no 318 fluorescence could be observed in multiple independent GFP-CDC20 Δ5'UTR transgenic lines, 319 indicating that 5'UTR truncated GFP-CDC20 mRNA cannot be properly translated. Taken 320 together, these results demonstrate that the 5'UTR of CDC20 plays dual roles in mRNA nuclear 321 localization and translation. Figure S9 ).
345
Cellular mRNA localization has been proposed as a common mechanism to control local revealed that the 3'UTR has no effect on CDC20 mRNA nuclear localization. By contrast, 360 when the 5'UTR is removed, the resulting GFP-CDC20 Δ5'UTR chimeric mRNA is found to 361 distribute into the cytoplasm. Furthermore, adding the CDC20 5'UTR was sufficient to 362 sequester GFP mRNA in the nucleus, indicating that the 5'UTR is necessary and sufficient for 363 CDC20 mRNA nuclear sequestration. Despite being exported into the cytoplasm, the 5'UTR 364 truncated GFP-CDC20 RNA was not detectably translated, which is consistent with the by APC/C CDC20 and APC/C CDH1 E3 ligases.
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(B and C) RNA FISH to reveal the expression patterns of CDC20 and CCS52B in the SAM.
706
No signals were detected from the sense probes. Scale bars, 50 µm.
707
(D and E) Expression of CDC20 and CCS52B at different mitotic stages. Note the nuclear 708 localization of CDC20 and CCS52B mRNAs at prophase. Scale bars, 5 µm. 
